The aim of this paper is to provide a synthesis of several multidisciplinary studies performed during the OMEX I project mostly presented in this volume. Our final goal is to construct a carbon cycle for the shelf break of the northern Gulf of Biscay. This margin is characterized by a steep slope adjacent to a broad continental shelf, under limited influence of terrestrial input. Remote sensing images indicate the occurrence of cold water masses at the shelf break induced by complex physical processes related to the presence of the bathymetric discontinuity and the existence of frequent heavy storms. The primary production at the ocean margin remains however moderately high, around 200 g C m À2 a À1 , with a f-ratio of 0.5. Most of the resulting new production is respired either in the water column below the euphotic zone (B50 g C m À2 a À1 ) or at the sediment-water interface (B20 g C m À2 a À1 ). According to sediment trap measurements, the difference between new production and respiration (B30 g C m À2 a À1 ) may be exported to the slope and the open ocean. OMEX I benthic studies have shown that organic carbon (B0.1 g C m À2 a À1 ) is not accumulated significantly in sediments and that no depocenter can be identified in this margin area. As expected, the primary production and thus the fluxes of organic carbon decrease with distance away from the shelf break and do not exceed B140 g C m À2 a À1 at a distance of 150 km from the shelf break. Despite some lateral inputs, there is again no significant accumulation of organic carbon in the sediments of the adjacent slope or abyssal plain. A nitrogen cycle is also described, based on the carbon cycle, demonstrating the importance of vertical mixing at the margin. r
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Introduction
One of the main objectives of the OMEX project was to gain a quantitative understanding of the carbon cycle at the shelf break of the ocean margin. The exchange of major and minor constituents, dissolved and particulate, between the coastal zone and the open ocean taking place at this boundary is of primary importance in the elaboration of global biogeochemical budgets (Mantoura et al., 1991) . This is particularly the case for the carbon cycle and related elements, notably the nutrients (N, P and Si). The understanding of the distinctive and often enhanced processes occurring at the ocean margin is a prerequisite for any prediction of the consequences of climatic change and other anthropogenic perturbations.
The role of the exchanges at the ocean margin in the global carbon cycle is a matter of controversy. The high productivity and the large standing stock of particulate organic carbon observed in the coastal zone have led several authors to conclude that this area may act as an important source of detrital organic carbon for the open ocean (e.g., Walsh, 1988 Walsh, , 1991 Wollast, 1991 Wollast, , 1993 Wollast, , 1998 . This primary production may be related to the proximity of both continental and oceanic nutrient sources. The relative importance of the riverine input of nutrients has often been overestimated until the last decade. Several recent regional studies and global estimates have shown that the oceanic input through the margin is by far the major source of nutrients to sustain the high productivity on the shelf (Walsh, 1991; Wollast, 1991 Wollast, , 1993 Galloway et al., 1996; Chen and Wang, 1997) . Nevertheless, the physical processes responsible for the transfer of nutrient-rich deep ocean waters to the shelf are poorly known, except for the case of upwelling which occurs only in restricted areas.
Results obtained from the sediment trap studies carried out within the framework of the SEEP-I and SEEP-II programs in the middle Atlantic bight of the eastern US continental shelf have shown, however, that only a small proportion of the biogenic particulate matter generated on the continental shelf is exported to the adjacent slope (Biscaye et al., 1988; Biscaye and Anderson, 1994) . According to these authors, most of the biogenic particulate matter is recycled by consumption and oxidation on the shelf. A similar study performed in the Gulf of Lions of the northwestern Mediterranean Sea during the ECOMARGE program (Monaco et al., 1990) , indicates that trap fluxes of all biogenic constituents reflect lateral advective input of material from upslope and from the shelf. The concentration of organic compounds in surficial sediments on the slope and rise is 2-3 times higher than that in the shelf sediments. This observation emphasizes the importance of the seaward flux of particles of coastal origin, especially in the case of canyon systems. The second ECOMARGE experiment (ECOFER) which had taken place in the southern part of the Biscay margin confirmed that the continental margin represents a preferential sink of continental particles and of those originating from biological activity (Monaco et al., 1999) . The results also show that continental margins can be carbon depocenters with specific features linked to local topographic and hydrological conditions. However, all previous studies underline the importance of along-slope transport as opposed to processes that transport material offshore. Furthermore, the extent of export from the ocean margin has recently been examined by Bauer and Druffel (1998) , using radiocarbon data and a mass balance approach. Their results suggest that input of DOC and POC from the ocean margin to the open ocean may be one order of magnitude greater than the organic carbon production in the surface of the open ocean.
Consideration of the long-term rates of river loading of organic carbon, organic burial, chemical reactivity of land-derived organic matter, and rates of community metabolism in the coastal zone has also led Smith and Hollibaugh (1993) to conclude that this area behaves as a heterotrophic system. Gattuso et al. (1998) have reviewed the net ecosystem production of the major coastal environments (estuaries, macrophyte communities, mangroves, coral reefs and the remaining continental shelf). These authors found that, except for estuaries, all ecosystems examined are in fact net autotrophic on an annual basis. Duarte and Agusti (1998); Del Giorgio et al. (1997) have suggested that respiration exceeds primary production in large parts of the oligotrophic open ocean. This imbalance is supported by export of organic carbon from the highly coastal zone. The excess organic carbon consumption in the less productive area of the open ocean looks however too large with respect to the productivity of the coastal zone (Wollast, 1998; Williams and Bowers, 1999) . Rabouille et al. (2001) have developed a coupled global CaNaPaS biogeochemical model, where they have subdivided the coastal zones into proximal (estuaries and bays) and distal (shelves) regions. The results of the model indicate that the proximal coastal zone is heterotrophic and the distal one autotrophic, and that the entire coastal zone is at present net autotrophic. The fluxes of organic carbon across the margin remain thus unclear and the main objective of OMEX I was to assess more fully the role of this boundary.
During phase I of OMEX, intensive field studies were carried out along the shelf break, from the Goban Spur to La Chapelle Bank. This area was chosen because it is far from land and under little continental influence. Numerous processes of the carbon cycle and associated elements were investigated by the various research groups involved in this project. This paper synthesizes the results obtained during the OMEX I project in order to evaluate and to quantify, when possible, the carbon and nutrient fluxes in the northern Gulf of Biscay.
Area of study
The shelf break is characterized by a marked topographic discontinuity which is particularly pronounced in the Gulf of Biscay (Fig. 1) . The Celtic Sea constitutes an unusually broad shelf with a depth of 100-200 m limited by a steep slope reaching a depth greater than 4000 m within only 100 km. On the slope, the flow is predominantly poleward along-slope with maximum currents during winter. It decreases in spring during which equatorward upper layer flow may even occur (Pingree et al., 1999; Huthnance et al., 2001) . Cross-slope exchange due to wind-, tideand wave-forced currents is more limited, but can be enhanced by topographic effects such as canyons and spurs. The vertical mixing occurring at the shelf break is, permanently maintained by pronounced internal waves of tidal origin Le Cann, 1989, 1990; Pingree and New, 1995; see Fig. 2) . It is intermittently intensified by strong wind events and increases from Goban Spur to La Chapelle Bank. As discussed in Huthnance et al. (2001) , this discontinuity induces strong lateral and vertical currents, distinctive of shelf break fronts. These hydrodynamic properties are well evidenced by the distribution of sea surface temperature as indicated by AVHRR images from spring to autumn (Fig. 3) . The occurrence of cool water masses along the shelf break is better revealed in the summer when sufficient stratification has developed. In addition, one can identify cold water masses formed during the winter which remain trapped on the Celtic Sea shelf (Pingree et al., 1982) .
The influence of the shelf break on vertical mixing of the water column is also well demonstrated by the depth profiles of the density gradient seen at stations 1, 2 and 3 situated across the slope in the Goban Spur area (Fig. 4) . One observes lower values for the density gradient in an area between the shelf break and the upper slope (1000-m depth). A maximum of stratification is observed on the shelf. Concurrently, the vertical distribution of nutrients (e.g., phosphate) shows that on the shelf (St. 1), the nutrients are completely depleted in the upper 60 m and display a strong gradient reflecting a minimal vertical transfer of nutrients. In contrast, in the shelf break area (St. 2) the concentration of phosphate starts to increase at a depth of 20 m suggesting an enhanced supply of nutrients from deep waters. At the deep station (St. 3) 50 km from the shelf break, moderate vertical mixing is observed. The chlorophyll concentration profiles (not shown here) indicate that the phytoplankton biomass is higher at the shelf break due to the greater availability of nutrients in the euphotic zone.
3. Primary production and fate of carbon in the euphotic zone
Primary production
The seasonal evolution of the thermal stratification and of the vertical distributions of nitrate and chlorophyll at La Chapelle Bank is shown in Fig. 5 . The figure shows that the water column is well mixed over more than 200 m during winter and early spring and that stratification starts in late April/early May. Nevertheless, the temperature gradient during the summer period is never very sharp as observed in the adjacent shelf and deep water areas. The vertical profile of nitrate indicates that this nutrient starts to be consumed in March and is completely depleted in the upper 50 m during summer. However, the nutricline is never pronounced, and there are always nutrients present in the lower part of the euphotic zone, the depth of which may reach 80 m. The distribution of chlorophyll concentration exhibits a maximum near the surface except for June when a subsurface maximum is observed at a depth of about 40 m. The occurrence of strong equinoctial winds induces further vertical mixing resulting in the development of a second bloom in the fall. These processes are responsible for the continuous supply of nutrients from deep water over the entire year and thus for sustaining high values of new production at the shelf break.
The integrated annual primary production in the OMEX I area is presented and discussed extensively by Joint et al. (2001) . At Goban Spur, the primary production is estimated to be ca. 160 g C m À2 a À1 with a relatively high value of the f-ratio (B0.5), based on 15 N incorporation experiments. The nature of the pigments used as biomarkers indicates that the most abundant phytoplankton taxa are prymnesophytes with two short blooms of diatoms in spring and fall . At La Chapelle Bank, the same authors have estimated a significantly higher primary production, close to 245 g C m À2 a
À1
. This observation is in accordance with the fact that there is more intense vertical mixing in this area. The f-ratio is however comparable to that observed at Goban Spur. ) for the southern Biscay margin (Monaco et al., 1999) . They are also comparable to the values obtained for the western North Atlantic margin (177-220 g C m À2 a À1 ) in the SEEP I (Biscaye et al., 1988) and II (Kemp et al., 1994) experiments.
Tentative organic carbon cycle in the euphotic zone
We have constructed a tentative organic carbon cycle at Goban Spur by taking into account the respiration rates of microzooplankton (67 g C m À2 a À1 ), mesozooplankton (20 g C m À2 a À1 ), and bacteria (18 g C m À2 a
À1
) given by Joint et al. (2001) . The associated carbon fluxes have been calculated, assuming that the carbon respired by the zooplankton corresponds roughly to twothirds of the carbon ingested, and the remaining one-third is excreted as fecal pellets (Parsons et al., 1984) . Based on these assumptions, the calculated rate of grazing by zooplankton is 130 g C m À2 a À1 . This calculation indicates that about 65% of the organic carbon is respired in the water column and about 35% (54 g C m À2 a
) is exported to the deep waters (Fig. 6 ). This f-ratio (0.35) is somewhat lower than that estimated by assimilation rates of 15 NO 3 and 15 NH 4 . Soetaert et al. (2001) have developed a coupled pelagic-benthic-biogeochemical model of a shelf break ecosystem. Using real-weather forcing in their one-dimensional hydrodynamical model, they obtained a primary production of about 200 g C m À2 a À1 . Note that this value falls in between those measured at Goban Spur and at La Chapelle Bank. According to their nitrogen model and assuming a C/N ratio of 6.6, an amount of organic C equivalent to 130 g C m À2 a À1 is respired and recycled in surface waters, corresponding to a f-ratio of 0.36 in agreement with the value calculated from the data shown in Fig. 6 . The results of their model suggest that nitrification is occurring in the euphotic zone and represents 15% of the NH 4 remineralization flux, which could explain the higher f-ratio based on 15 N uptake by Joint et al. (2001) . It is noteworthy that the higher value of primary production that Soetaert et al. (2001) obtained is due to the fact that the model takes into account storm events which are responsible for the episodic transfer of nutrients from the deep water to the euphotic zone.
It is also possible to evaluate the primary production associated with the spring phytoplankton bloom by considering the amount of nutrients available in the euphotic zone at the end of the winter. Hydes et al. (2001) suggested that the organic carbon production during the spring bloom might have ranged from 23 g C m À2 in regions of lower nitrate with a shallower thermocline, to 41 g C m À2 in regions of high nitrate with a deeper thermocline. We have considered that the average winter concentration of inorganic nitrogen (mainly NO 3 À ) equals 8.6 mmol kg À1 in the upper 100 m of the water column (see Fig. 5 ). At the end of the spring (June), inorganic nitrogen has been completely depleted from the water column down to a depth of 50 m. The amount of nitrogen removed corresponds thus to 0.43 mol-NO 3 m À2 , equivalent to a new production of 34 g C m
À2
, if we use a Redfield ratio of C/N equal to 6.6. This new production value is well within the range of Hydes et al. (2001) . Over a period of two months covering the spring bloom, our calculated value corresponds to a mean new production of 0.57 g C m À2 d À1 . Compared to the estimated primary production of around 1 g C m À2 d
À1
, this calculation indicates that the f-ratio during the spring bloom is close to 0.6, in good agreement with the estimates based on 15 N incorporation measurements ) and on modeling ). The annual new production estimated by 15 N uptake experiments is equal to 82 g C m À2 a À1 ), a value slightly higher than the 70 g C m À2 a À1 suggested by Soetaert et al. (2001) on the basis of their ecological model. These values are significantly higher than the new production during the spring bloom calculated here, indicating that there is an important vertical flux of nitrates even during the stratification period in summer and fall. This input of nutrients is due to vertical mixing resulting from internal waves and frequent storm events.
Composition and vertical fluxes of suspended matter in the water column

Composition of suspended matter
Most of the existing data concerning the composition of particulate matter in the water column have been derived from material collected in sediment traps, deployed generally at depths greater than 500 m. There exist very few data on the evolution of the composition of suspended matter in the upper water column. During the OMEX I project, suspended matter was sampled using Stand-Alone Pumps (SAP) by in situ filtration of large volumes of water at various depths. A detailed profile of vertical distribution of particulate organic and inorganic carbon has been obtained for La Chapelle Bank at the beginning of the spring bloom in April 1993 (Wollast and Chou, 1998) . Table 1 gives the concentrations of particulate organic and inorganic carbon and the contents of organic matter and calcium carbonate in the suspended matter collected between 10 Table 1 Concentration and composition of major components in the suspended matter collected by in situ pumping in the La Chapelle Bank and the Goban Spur area and 1200 m. The biogenic fraction represents more than 90% of the particulate material in the euphotic zone, but decreases extremely rapidly below. Fig. 7 represents, as a function of depth, the remaining fractions of the organic matter and calcium carbonate initially present at the surface. The calculations are based on the assumption that the lithogenic fraction does not undergo significant chemical modifications such as dissolution or precipitation and that it can be considered as conservative from this point of view. This figure indicates that both the organic and carbonate fractions decrease extremely rapidly. We have obtained similar but less detailed information on the composition of suspended matter at Goban Spur during the same period of the year (April 1994). Table 1 shows that the concentration of the biogenic material is significantly lower compared to La Chapelle Bank in agreement with the productivity measurements. The vertical decay of both organic matter and calcium carbonate is of comparable magnitude. The rapid removal of the biogenic matter from the surface waters can be attributed mainly to the production of fecal pellets and the formation of marine snow both characterized by fast sinking rates. Concurrently the decrease in organic matter content is due to the respiration of organic matter during settling. In addition, the removal with depth of the calcium carbonate fraction as shown in Fig. 7 strongly suggests the dissolution of this component even in water oversaturated with respect to the mineral phase considered (see Wollast and Chou, 1998 for further discussion).
Vertical fluxes
The vertical fluxes of various particulate components have been estimated using sediment traps (Antia et al., 1999; McCave et al., 2001) , deployed across the slope in the Goban Spur area (see Fig. 1 ). A few interesting conclusions can be made from several observations summarized below. 
Total mass and lithogenic fraction
The total mass of particles collected in the traps over a period of one year is given in Table 2 . Measurement of the 230 Th/ 231 Pa fluxes indicates that the trapping efficiency ) was low in the shallow traps (38% and 35% at OMEX2 and OMEX3 sites, respectively). This observation is confirmed by the very low fluxes of 210 Pb (about 15% of the atmospheric deposition flux) recorded in the same traps . At 1050 m the efficiency reached 85% and was close to 100% in the deepest traps. The decrease of the efficiency for traps above 1000 m is a well-known observation and for moorings deployed close to the margin, possibly related to significant currents occurring in intermediate waters (Huthnance et al., 2001) . We have therefore corrected in Table 2 all the measured fluxes by taking into account the trap efficiencies based on the 230 Th/ 231 Pa fluxes observed. Usually the material flux obtained from the sediment traps exhibits a decrease with depth due to the respiration of organic matter and the possible dissolution of biogenic CaCO 3 in the water column (Wollast and Chou, 1998) . Even after correction for the trap efficiency, this decrease is not observed at Goban Spur and the particulate flux even increases with depth at OMEX3. The trap fluxes also reveal a pronounced increase in biogenic Ba fluxes with depth (Fagel et al., 2000) , indicating an important lateral transport of material flux in this region (Antia et al., 1999) . Similar observations were made for other continental margins (Monaco et al., 1990; Asper et al., 1992; Etcheber et al., 1996; Blake and Diaz, 1994 ). This conclusion is confirmed and demonstrated more fully by observation of the lithogenic fluxes (Table 2 and Fig. 8) .
The lithogenic fluxes observed in the upper traps are much higher than one might expect from atmospheric input in the Goban Spur area. According to Duce et al. (1991) , the terrigenous fluxes from the atmosphere in that region are of the order of 0.1 g m À2 a
À1
. The study of Hall and McCave (1998) has shown that most of the terrigenous material presently accumulating in the area is provided by the erosion of fluvial sediments, deposited on the shelf and upper slope during the last glaciation. The increase with depth of material collected in the traps reflects dynamic processes occurring both in the water column and at the benthic boundary layer. The water column displays surface, intermediate, and bottom nepheloid layers detected by light transmission Antia et al. (1999) , corrected for trap efficiency . b Organic=Particulate organic carbon Â 2.5.
and scattering ). The increase with depth of lithogenic fluxes must therefore result from resuspension and lateral transport of sediments deposited on the shelf and upper slope. Honjo (1996) also reported abnormally large lithogenic fluxes (1.3 g m À2 a À1 ) and their increase with depth in sediment traps deployed at 481N and 211W, far from the shelf break.
Organic matter fluxes
The fluxes of organic matter recorded in the sediment traps by Antia et al. (1999) , corrected for their efficiency, are given in Table 2 . Seasonal variation in the sedimentation of biogenic material reflects the fluctuations of the biological processes occurring in the euphotic zone (Antia et al., 1999) . The seasonality in particulate flux diminishes with increasing water depth and at 3200 m more constant fluxes are observed throughout the annual cycle. Table 2 shows that even after correction, the fluxes in the shallow traps remain low, compared to the primary production (160 g C m À2 a À1 ). More generally, below 600 m the decrease in organic carbon content (C org )with depth is significantly lower than what one might expect from the normal decay of organic matter in the water column during settling. This conclusion is well demonstrated in Fig. 9 where we have compared the corrected fluxes of organic carbon with some other decay curves (Betzer et al., 1984; Berger et al., 1987; Martin et al., 1987) . The curve of Martin et al. (1987) was calculated by assuming a detrital flux of organic carbon leaving the euphotic zone at 100-m depth equal to 54 g C m À2 a À1 as estimated in Fig. 6 . The decay curves of Berger et al. (1987); Betzer et al. (1984) are based on a primary production of 160 g C m À2 a À1 , estimated by Joint et al. (2001) . However, the amount of organic matter collected in the traps below 600 m decreases less rapidly than expected from the empirical equations shown in Fig. 9 . This may easily be explained by the lateral transport of suspended material as reflected by the increasing vertical fluxes of lithogenic material. Therefore, the deficit of organic matter observed in shallow traps tends to decrease with depth. It can be concluded that strong along-slope currents occurring in the upper water column prevent the interception of the detrital organic matter by the traps.
Calcium carbonate fluxes
The production of CaCO 3 by prymnesiophytes represents an important contribution to the carbon flux in the OMEX I area. The calcium carbonate production can be evaluated by taking into account the ratio C org =C inorg in the suspended matter collected by continuous centrifugation or by in situ pumping of large volumes of surface water (Wollast and Chou, 1998) . It is estimated to be 12 and 22 g C m À2 a À1 at Goban Spur and La Chapelle Bank, respectively, well within the range (1-50 g C m À2 a
À1
) given by Milliman (1993) for the global ocean. The fluxes of calcium carbonate collected in the traps are also presented in Table 2 . Once again, the fluxes of CaCO 3 observed in shallow traps are considerably lower than those for the biological production (12 g C m À2 a
) of CaCO 3 , estimated from primary production. At OMEX3, there is a significant increase of the CaCO 3 flux between 580 and 1440 m which may be attributed to lateral transport across the slope as for the lithogenic flux. Furthermore the vertical profile of the particulate inorganic carbon concentration at La Chapelle Bank (Table 1 and Fig. 7 ) decreases rapidly below the euphotic zone where intensive respiration of organic carbon is also occurring. Mass balance calculations based on the conservative behavior of the lithogenic fraction indicate that as much as 80% of the biogenic CaCO 3 produced can be dissolved before reaching the seabed, despite the fact that the water column is oversaturated with respect to the mineral phase considered (Wollast and Chou, 1998) . This dissolution is likely to be associated with the respiration of organic matter within fecal pellets, or at the surface of biogenic calcium carbonate (Troy et al., 1997; Milliman et al., 1999) . Pb xs fluxes On the continental shelf, the supply of 210 Pb is dominated by the steady-state input from the atmosphere which is removed by particle scavenging and sedimentation. This radionuclide can therefore be used to quantify particle fluxes and especially exports from the shelf to the open ocean (Bacon et al., 1994 210 Pb activity in the sediments over depth, may be used to estimate the total depositional flux of this element. At steady-state, the decay of 210 Pb xs integrated over depth must be balanced by the net flux into the sediments. This flux in turn can be compared to the atmospheric flux. We have summarized in Fig. 10a . This rate represents slightly more than the atmospheric flux (0.3-0.5 dpm cm À2 a
) estimated by Peirson et al. (1966) ; Thomson et al. (1993) ; Radakovitch and Heussner (1999). It should be pointed out that the 210 Pb fluxes in deep water sediments correspond to about one-half of those for the shelf sediments. One possible explanation is the resuspension of sediment freshly deposited on the shelf adjacent to the margin which is then transported downslope. This interpretation is supported by the fact that there is no accumulation of organic matter on the adjacent shelf .
Organic matter deposition
It is usually difficult to measure directly the deposition rate at the benthic boundary layer. Nevertheless, several measurements or estimations of the organic matter respiration were performed in the Goban Spur area (Duineveld et al., 1997; Balzer et al., 1998; Lohse et al., 1998) . They show that most of the organic matter deposited at the sediment-water interface is respired before burial. As a result, the rate of preservation of organic carbon in this area is negligible and the rate of respiration can thus be considered, as a first approximation, to be equal to the depositional flux. The results of these estimates are shown in Fig. 11 where two data sets are presented. On the one hand, van Weering et al. (2001) determined the total depositional carbon fluxes to the sediment (solid circles in Fig. 11 ). Their calculations are based on steady-state modeling of pore water profiles of oxidants . On the other hand, Heip et al. (2001) estimated the total carbon mineralization rates (open circles in Fig. 11 ), based on the sediment community oxygen consumption (SCOC) measurements (Duineveld et al., 1997) . In contrast to the trap measurements, the depositional fluxes agree well with the decay curves proposed by Betzer et al. (1984) ; Berger et al. (1987) . As one may expect, the continental margin below 2000 m receives significantly lower amounts of organic matter compared to the upper slope. The high flux observed at 2000 m is probably the result of the presence of a small topographic trough where more quiescent conditions are prevailing, favoring accumulation of fine material (van Weering et al., 1998) . The depositional fluxes of organic carbon are also in good agreement with the distribution of 210 Pb xs flux observed across the slope. It should be remembered that the higher 210 Pb xs flux on the upper slope suggests that the radionuclide and the associated organic matter probably originated in part from the shelf. It is important to note that the C org depositional rates at the sediment-water interface are significantly higher than the fluxes recorded by the sediment traps deployed at about 400 m above bottom. At the OMEX2 station the vertical flux of organic carbon is 2.3 g C m À2 a À1 in the sediment trap at 1050-m depth and reaches 6.2 g C m À2 a À1 at the sediment-water interface situated at 1425 m. At the OMEX3 station, the trap flux of organic carbon at 3260 m was found to be equal to 2.2 g C m À2 a À1 and the deposition rate 3.1 g C m À2 a À1 . In addition, the dynamic modeling of benthic-pelagic exchange processes at OMEX3 performed by Herman et al. (2001) suggests that the organic flux recorded by the deepest trap is insufficient by a factor of 1.85 to account for the organic carbon and pore water profiles. This result suggests that an important transport of detrital organic matter takes place along the seabed between 0 and 400 m above bottom. From the observations at the stations OMEX2 and OMEX3, it is likely that this bottom lateral transport decreases with distance from the shelf break. Note that the depositional rate of organic carbon determined at 1000 m by the SEEP-II program at the mid-Atlantic Bight varies from 15 to 26 g C m À2 a
À1
, which are considerably higher than that measured at the Goban Spur area (Biscaye and Anderson, 1994) .
The model developed by Herman et al. (2001) provides also first-order decay constants for the respiration rate of organic matter which allows one to evaluate the bioreactivity of the deposited material at various depths. The decay rate constant approaches 48 a À1 for organic matter freshly produced and deposited at 200-m depth. It then decreases rapidly with increasing depth down to 1000 m, and declines slowly down to 4000 m where it has a value of 8 a
. This indicates that the organic carbon deposited on the lower slope is still highly degradable and thus relatively fresh. These authors also suggest that the degradability of the material at the sediment-water interface is indicative of its reactivity in the water column at the same depth.
The rate constant for the degradation of organic matter settling in the water column can also be evaluated based on its distribution with depth and its rate of sedimentation. We have shown in Fig. 11 that the flux of detrital organic carbon at the sediment-water interface is well described by the empirical relations proposed by Betzer et al. (1984) ; Berger et al. (1987) , depicting the evolution of particulate organic carbon with depth. It is possible to substitute the depth z in these relations by the parameter time t; considering as a first approximation, a constant sedimentation rate V s : It can also be assumed that the first-order rate constant k z of organic matter degradation, observed over a small depth interval d z is solely dependent on the degradability at that depth and does not vary in that interval:
where C z and C zþd z are the organic carbon concentrations at the depth z and z þ d z ; respectively, and d z is a small depth interval. This allows one to calculate the degradability constant k z from the observed decay profile as a function of depth for a given sedimentation rate. The results of these calculations, performed with the empirical decay curves of Betzer et al. (1984) ; Berger et al. (1987) for depth intervals of 5 m over which k z have been considered constant, are shown in Fig. 12 , assuming an adjusted settling rate of 115 m d À1 . The agreement with the values of k z estimated by Herman et al. (2001) is striking and the adjusted rate of sedimentation in Fig. 12 is of the correct order of magnitude and close to the value of 132 m d
À1 obtained by their model. This settling rate is somewhat at the lower end of the range of 80-200 m d À1 (Honjo, 1996) , but may reflect the fact that there is significant lateral transport of organic matter, implying deposition, resuspension, and advection of the particulate phases. It is also possible to calculate an overall rate constant for the respiration of organic matter in the euphotic zone from the fluxes between the reservoirs (Fig. 6) and by taking into account a typical distribution of the particulate organic carbon concentration in the euphotic zone (Table 1) . This gives a first-order rate constant of about 50 a À1 which should be representative of the fresh material leaving the euphotic zone. This value is the same as that of k z derived from the model of Herman et al. (2001) for a depth of 200 m (Fig. 12) . Furthermore, the decay curves of Betzer et al. (1984) ; Berger et al. (1987) are not intended to describe the behavior of detrital organic matter in shallow and intermediate waters where less agreement is observed.
Calcium carbonate flux
No direct measurements were made of the depositional flux of CaCO 3 . Contrary to organic carbon, no indirect method are available to evaluate the depositional flux of inorganic carbon. Considering the intense respiration of organic matter at the benthic boundary layer, it is nevertheless reasonable to expect concurrent dissolution of calcium carbonate.
Burial fluxes and early diagenesis
From the continental shelf to the abyssal plain, the surface sediments in the Goban Spur area exhibit a change in composition and grain size from predominantly terrigenous sandy shelf sediments to hemipelagic clayey silts on the abyssal plain (van Weering et al. (1998) ). The terrigenous fraction represents about 75-80% of the sediments at the shelf edge, decreases to 40% at OMEX2 (1500 m), and is 30% at 4000 m. The carbonate fraction increases markedly from about 25% on the shelf to almost 70% on the abyssal plain. The coarse fraction, abundant on the upper slope, contains mainly skeletal remains of benthic organisms and planktonic foraminifera. Deeper down the slope, planktonic foraminifera become dominant. Estimated organic carbon concentrations at the sediment-water interface increase gradually from about 0.2% at 200-m depth to a maximum of 0.7% at 1425-m depth and then slightly decline downslope . The lower value of organic carbon at shallow depths may be explained by the much higher deposition rate of lithogenic material in that area. High-resolution vertical profiles of particulate elements in the sediments reveal steep downcore gradients of organic carbon at the mid-slope, whereas no or only weak gradients are discernible at the lower and deeper parts of the slope (Fig. 13) . Pore water profiles show that oxygen penetrates deeper into the sediments with increasing water depth and distance from the shelf. As indicated above, measurements of oxygen consumption (Duineveld et al., 1997; Lohse et al., 1998; Balzer et al., 1998) demonstrate that the organic carbon deposited at the sediment-water interface is almost entirely respired before burial. Therefore, only a very small fraction of the organic matter deposited, which is highly refractory, is preserved in the sediments as confirmed by the burial fluxes (Fig. 10b ) estimated by van Weering et al. (2001) . The 14 C activity of the mixed layer in the sediments also indicates that there has been little modern marine carbon stored in the slope sediments. This observation presumably reflects the winnowing from the outer shelf by storm waves and tidal currents of carbon deposited on the shelf where it has aged before transport to and deposition on the Goban Spur . It is noteworthy that this low preservation rate remains relatively constant (B0.1 g C m À2 a
À1
) across the slope, which does not support the hypothesis of Walsh (1991) that the continental margin may constitute a carbon depocenter.
As shown by the model of benthic-pelagic exchange processes of Herman et al. (2001) , the mineralization rate at the sediment-water interface is relatively high for a major fraction of the deposited organic carbon. On the contrary, the rate of mineralization and the fraction of refractory organic carbon are low and the concentration profile of this fraction in the sediments remains thus nearly constant below a depth of a few centimeters (Fig. 13) . Measurements of oxygen consumption (Duineveld et al., 1997; Heip et al., 2001) show that most of the respiration is due to bacterial activity and the role of macro-and meio-fauna in the mineralization of organic matter is minor except at the shallowest station (200-m depth).
van Weering et al. (1998) also found that the calcium carbonate accumulation rates increase with increasing water depth from the shelf to the abyssal plain. The burial rate varies from 1 to 4 g C m À2 a À1 which is much less than the production of biogenic carbonates in the euphotic zone (12 g C m À2 a À1 ). It supports the observations of Wollast and Chou (1998) that significant dissolution of carbonates must be taking place in the water column and during early diagenesis, possibly associated with the respiration of organic carbon. Carbonate accumulation rates in the area of La Chapelle Bank (Meriadzek Terrace) are almost double those observed at Goban Spur, likely reflecting the higher productivity of the southern area (van Weering et al., 1998) . It is important to point out that the burial rate of inorganic carbon is one order of magnitude higher than that of organic carbon.
Discussion
The organic carbon cycle
The sea surface temperature images of the Gulf of Biscay (Fig. 2) indicate that there is a band of cold water along the shelf break from spring to fall due to intensive vertical mixing generated by the topographic discontinuity. Whereas surface waves are important to surfacial mixing, internal waves are more active at greater depths where surface wave effects do not penetrate (Huthnance et al., 2001) . These physical processes allow the continuous transfer of significant amounts of nutrients from the deep water to the euphotic zone. The vertical mixing effect is more pronounced as one moves southwards where the continental slope is steeper. The band of cold water, approximately 50-km wide, also corresponds to an enhancement of the chlorophyll fluorescence as observed by remote sensing. Field measurements confirm increased primary production along the shelf break with values reaching 245 g C m À2 a À1 in the La Chapelle Bank area situated at the southern limit of the OMEX I area and decreasing to 160 g C m À2 a À1 in the Goban Spur at the Fig. 13 . Downcore profiles of particulate organic carbon contents and of dissolved oxygen concentrations in the sediments at the trap stations in the Goban Spur area (from Lohse et al., 1998) .
northern end of the area investigated. These values are yet lower than expected from the intense vertical mixing observed from spring to fall. A possible explanation of this relatively low production is the negative effect of the high turbulence prevailing in this area on the patchy development of phytoplankton (Tett and Edwards, 1984) . From a climatological point of view, Goban Spur is characterized by the frequent occurrence of atmospheric depressions generating strong storms which may produce marked deepening of the upper mixed layer. However, the storms also create unstable conditions in the euphotic zone, unfavorable for the formation of phytoplankton patchiness, leading to a lower productivity. The upwelled nutrients therefore are partly exported laterally by interconnected cyclonic or anticyclonic eddies (Pingree et al., 1999) either over the shelf or to the open ocean where more stratified environments must favor the phytoplankton growth. This transport process could explain why little difference in the primary production measured by Joint et al. (2001) was found along a transect covering shelf, slope and deep ocean stations at Goban Spur. The values given by these authors also are probably underestimated at the shelf break because their field measurements did not sample the fall phytoplankton bloom due to the occurrence of equinoctial storms. The value of 200 g C m À2 a
À1
obtained by Soetaert et al. (2001) for the shelf break at Goban Spur, based on a coupled hydrodynamical-ecological model and taking into account storm events, is therefore a more reasonable estimate. The data collected during the OMEX I project allow us to propose a budget for the organic carbon from the shelf break to the abyssal plain. Some of the estimates remain crude and some of the unmeasured fluxes are educated guesses based on plausible assumptions. We have distinguished here three environments covering the margin from the shelf to the open ocean along the Goban Spur transect: the shelf break, the slope, and the abyssal plain.
The budget for the shelf break (Fig. 14a) is the easiest to establish because of the limited thickness of its water column. The fate of organic carbon produced in the euphotic zone is rather well known, based on field measurements and ecological modeling . We have selected here the f-ratio of Joint et al. (2001) based on measured 15 N uptake, although Soetaert et al. (2001) have indicated that this value may be overestimated because of the occurrence of nitrification in the water column. The carbon exported from the euphotic zone at 100-m depth roughly corresponds to a flux of 100 g C m À2 a
. In addition, only 20 g C m À2 a À1 are deposited at the sediment-water interface at 200-m depth where the organic matter is almost completely respired before burial van Weering et al., 2001) . We have assumed that a maximum of 50% of the detrital organic carbon leaving the euphotic zone is mineralized over a depth of only 100 m. This water depth is still in the zone where the grazing activity of zooplankton is important and therefore its intensity is similar to that observed in the euphotic zone. We conclude that a minimum flux of 30 g C m À2 a À1 has not been respired in the water column and must thus be exported. The bottom sediments of the adjacent shelf are composed of coarse material with a negligible amount of organic carbon. Thus the organic matter exported from the shelf break zone is apparently transported to the slope and open ocean. This conclusion is confirmed by measurements of the depositional rate of 210 Pb xs on the adjacent slope. If we take into account the width of the shelf break area which is influenced by intensive vertical mixing (B50 km) as shown by remote sensing images, the amount of organic matter exported from the shelf break in that area represents 1500 ton C km À1 a À1 .
For the slope area (Fig. 14b) , we adopted the value for the primary production evaluated by Joint et al. (2001) for the Goban Spur area. The respiration and export fluxes are taken from the field observations which are summarized in Fig. 6 . The f-ratio in this case is equal to 0.33. To the amount of detrital organic carbon exported from the euphotic zone, one must add the lateral flux of this component from the shelf break area. If we assume that the amount imported from the shelf, corresponding to 1500 ton C km À1 a À1 , is evenly distributed over a distance of about 150 km representing the length of the slope area, we obtain a mean contribution of the lateral input equal to 10 g C m À2 a À1 . Of a total input equal to 64 g C m À2 a À1 in the aphotic zone, 6 g C m À2 a À1 are deposited and respired at the sediment-water interface (Fig. 10 ). Furthermore, it is possible to evaluate the fraction of the primary production which is respired in the water column by using empirical decay curves. We have selected here the relation suggested by Berger et al. (1987) which is based on a large database and gives better agreement with our observations (Figs. 11 and 12 ). This relation yields a value of 3.9 g C m À2 a À1 for the deposition rate at 1500 m (Fig. 15) . Thus there must be an additional flux due to lateral transport of about 2 g C m À2 a
, which is a reasonable estimate compared to the shelf break input. The difference between the total input and the depositional flux is 58 g C m À2 a À1 and represents relatively well the amount which can be respired in the water column at this depth. Nevertheless we subtracted from this value, 1 g C m À2 a À1 , to account for the lateral transport of organic matter observed in the abyssal plain. Note that the agreement is poor between the values of the flux of organic carbon calculated by the decay curve of Berger et al. (1987) and those measured in the sediment traps at OMEX2 even after correction for their efficiency.
Contrary to those at OMEX2, the fluxes of organic matter recorded in the sediment traps at OMEX3 are coherent with those calculated by the decay curve of Berger et al. (1987) , assuming a primary production in the euphotic zone equal to 140 g C m À2 a À1 (Fig. 15 ). This value is well within the range of productivity that one may expect for the open ocean area adjacent to the margin (Berger et al., 1989; Wollast, 1998) . The f-ratio used here has been reduced to 0.2, close to the values observed for the open ocean. The deposition rate of organic carbon calculated using the decay curve of Berger et al. (1987) is close to 2 g C m À2 a À1 at about 4000 m. The respiration measurements and model calculations indicate that this rate is in fact close to 3 g C m À2 a À1 , suggesting again the existence of some lateral inputs.
The inorganic carbon cycle
Evaluation of the inorganic carbon cycle in the Gulf of Biscay is not an easy task because this component is not necessarily conservative in the water column and at the sediment-water interface (Bishop et al., 1980; Milliman, 1993; Sabine and Mackenzie, 1995; Troy et al., 1997; Milliman et al., 1999) . The task is further complicated by the fact that there was no direct measurement of CaCO 3 depositional fluxes during OMEX I. Based on the ratio of calcium carbonate to lithogenic fraction observed in the traps, Wollast and Chou (1998) evaluated the lateral transport of carbonate in the Goban Spur area. After having corrected for trap efficiency (Table 2) , at OMEX2, an amount of 2.9 g CaCO 3 m À2 a À1 corresponding to 16% of the flux recorded in the trap at 600 m, was lost when reaching the trap at 1050 m. At OMEX3, 9.8 g CaCO 3 m À2 a À1 (73%) were lost between 580 m and 1440 m, and 6.6 g CaCO 3 m À2 a À1 (32%) between 1440 and 3260 m. Thus most of the calcium carbonate produced in the euphotic zone seems to be dissolved before reaching a depth of 1500 m. The mechanisms leading to the difference in carbonate fluxes observed between the deepest traps and the burial rates of carbonate are complex and involve settling/resuspension and diagenetic reactions occurring after deposition.
The nitrogen cycle
From knowledge of the carbon cycle (Fig. 14) , one may derive fluxes of nitrogen associated with biological activity, assuming a Redfield ratio for the composition of phytoplankton. Furthermore, the relative uptake of NH 4 and NO 3 during photosynthesis is fixed furthermore by the f-ratio. The results of these calculations are shown in Fig. 16 for the shelf break area. They are in relatively good agreement with the values derived from the model of the shelf-break ecosystem of Soetaert et al. (2001) . The main difference resides in the existence of a small flux of dissolved nitrogen associated with nitrification in the euphotic zone. The inclusion of this flux results in a lower f-ratio in the model of Soetaert et al. (2001) , due to the nitrification in the euphotic zone and the resulting overestimation of nitrate uptake.
The export of organic matter and thus of particulate organic nitrogen to the open ocean must be compensated by an equivalent import of this element in order to maintain a steady-state on a long-term basis. In this area far from the continents, the river and atmospheric inputs are negligible (Duce et al., 1991; Galloway et al., 1996) and the only major source must be associated with the vertical mixing and advection of oceanic deep water, importing nitrate to the shelf break. The budget indicates that this flux is equal to 18 g N m À2 a À1 of which 5.5 g N m À2 a À1 is imported from the open ocean to compensate for the export production.
Conclusions
Ocean margins are generally characterized by intensive vertical mixing or advection due to the bathymetric discontinuity at the shelf-slope break which may strongly enhance primary production. They may thus play a major role in the oceanic carbon cycle. However, there are only a few detailed studies of the carbon cycle performed at the shelf break, partly due to the complexity of this system. The aim of the OMEX project is to understand and to quantify the carbon cycle along the European margin facing the North Atlantic Ocean. During phase I of OMEX, we selected for study the Goban Spur area situated in the northern part of the Gulf of Biscay bordering a wide continental shelf under little terrestrial influence.
Remote sensing images confirm the occurrence of cold water masses coinciding remarkably with the shelf break. However, field measurements of primary production indicate that photosynthesis is moderately high (around 200 g C m À2 a
À1
). The mean annual f-ratio of about 0.5 falls in between the typical values observed in the open ocean (o0.2) and the coastal zone (>0.7). The value of the f-ratio at the shelf break suggests that 50% of the primary production is exported from the euphotic zone (100 g C m À2 a À1 ). A maximum of 50 g C m À2 a À1 is estimated to be respired in the shallow water (100-200 m) below the euphotic zone. Of the remaining flux only 20 g C m À2 a À1 is deposited at the sediment-water interface where it is almost completely respired. There is no important accumulation of organic carbon in the sediments (only 0.1 g C m À2 a
) at the margin or of the adjacent shelf. We have concluded that 30 g C m À2 a À1 is exported to the slope and deep ocean. This export represents a flux of 1500 tons of organic carbon per km of shelf break per year. Most of this exported organic matter is deposited in the slope area within a distance of approximately 150 km. The sediment trap measurements indicate that the lateral transport probably occurs mainly within the benthic nepheloid layer.
It is likely that the nutrients upwelled in the shelf break area are partially transported laterally on the shelf or to the open ocean and enhance the primary production over the slope. Based on field measurements, we adopted a primary production of 160 g C m À2 a À1 and a f-ratio of 0.33 in the slope area. Trap fluxes of organic carbon recorded there are systematically lower than those deduced from classical decay curves. However, the lithogenic fluxes indicate a significant lateral transport originating from erosion of bottom sediments on the shelf. On the contrary, the amount of organic carbon deposited at the sediment-water interface is higher (6 g C m À2 a
) than the calculated values deduced from classical decay curves of organic carbon in the ocean. The difference can be attributed to lateral input of materials. Almost all the organic matter deposited is respired and only a negligible amount of organic matter is preserved in the sediments (B0.1 g C m À2 a À1 ). In the open ocean area, we have adopted a value of 140 g C m À2 a À1 for primary production, based mainly on the fluxes of organic carbon recorded in the sediment traps at OMEX3 and deposited at the sediment-water interface. Like for the other two environments, there is no significant accumulation of organic carbon in the sediments.
In conclusion, the northern Biscay margin does not act as a depocenter for organic carbon. However, approximately 15% of the primary production is exported to the intermediate and deep waters. The burial of organic carbon involves mainly old refractory carbon which has aged on the shelf before being transported to the slope and rise.
